OBJECTIVES Right ventricular (RV) exercise contractile reserve (RVECR), its phenotypes, and its functional correlates are among the unresolved issues with regard to the role of the right ventricle in heart failure (HF) syndrome, and understanding these issues constitutes the objective of this study.
I
n heart failure (HF), the development of right ventricular (RV) dysfunction and failure is a turning point in the natural history of the syndrome that signals a worsening outcome (1) .
Multiple factors underpin a deterioration in RV function and RV-to-pulmonary circulation (PC) uncoupling with a sustained backward transmission of increased left ventricular (LV) filling pressure as a main trigger of pulmonary arterial remodeling and RV pressure overload (2) . Other mechanisms are primary RV involvement, the occurrence of ischemia, and unfavorable ventricular interdependence (2) .
Measuring RV functional reserve during pharmacological (3) or physical (4) stress is more challenging and informative than assessing RV systolic performance at rest; however, significant issues, such as the relationship between baseline and stressinduced contractile function and the exercise correlates of contractile reserve, remain unresolved.
Although right heart catheterization and pressure-volume analysis provide the best precision (5) , Doppler echocardiographic analysis is a suitable, reliable, and safe method that is seemingly underused for this purpose. Accordingly, Grunig et al. (6) recently proposed the change in pulmonary artery systolic pressure (PASP) from rest to peak exercise as measure of RV contractility and prognosis.
A meaningful addition in the study of different RV functional responses to exercise is an analysis by gas exchange with cardiopulmonary exercise testing (CPET) (7, 8) .
The main objective of our study was to define RV exercise contractile reserve STUDY DESIGN. The study design is depicted in Figure 1 . L e f t h e a r t d i m e n s i o n s a n d s y s t o l i c f u n c t i o n .
Indexed LV end-diastolic volume and LV mass were measured at rest. Relative wall thickness, left atrial volume, and LV ejection fraction were measured (using Simpson's rule) at rest and during exercise. and CO and TAPSE together with their ratio at rest and peak exercise. mPAP was calculated using the formula: The final population was divided into 3 groups: patients with tricuspid annular plane systolic excursion (TAPSE) at rest $16 mm (group A, n ¼ 60) and those with TAPSE at rest <16 mm, who were divided according to median TAPSE at peak exercise (15.5 mm) into 2 subgroups (group B, $15.5 mm, n ¼ 19; group C, <15.5 mm, n ¼ 18). CPET ¼ cardiopulmonary exercise testing; Echo ¼ echocardiographic; Exe ¼ exercise;
HFrEF ¼ heart failure with reduced ejection fraction; pts ¼ patients.
0.6 Â systolic pulmonary artery pressure þ 2, as proposed by Chemla et al. (14) .
CPET. Symptom-limited CPET (Vmax; Sensormedics, Yorba Linda, California) was performed using individualized ramp protocols. To facilitate simultaneous echocardiographic assessment, the ramp steepness was limited to a maximum of 15 W/min. Twelve-lead electrocardiograms and the blood pressure were continuously recorded.
Minute ventilation (VE), oxygen uptake, and carbon dioxide output (VCO 2 ) were acquired breath by breath and averaged over 10 s. The V-slope method was used to determine the first ventilatory threshold.
VE and VCO 2 values, from the start of exercise to peak, were input into spreadsheet software (Excel;
Microsoft, Redmond, Washington) to calculate the VE/VCO 2 slope using least squares linear regression
where m is the slope).
Exercise oscillatory ventilation was defined according to guideline criteria (15) . Circulatory power was calculated as the product of peak oxygen uptake and peak systolic blood pressure (16) and ventilatory power, calculated as peak systolic blood pressure divided by VE/VCO 2 slope (17).
TAPSE, mPAP, PASP, AND ERO COEFFICIENTS OF
VARIATION AT REST AND PEAK EXERCISE. The intraobserver coefficients of variation for TAPSE, mPAP, PASP, and ERO measurements at rest were 2%, 4%, 3%, and 4.2%, respectively. The interobserver coefficients of variation were 3.2% for TAPSE, 4.1% for mPAP, 4.5%
for PASP, and 3.4% for ERO at rest. For measures obtained at peak exercise, the intraobserver coefficients of variation were 4%, 3%, 3.4%, and 4% for TAPSE, mPAP, PASP, and ERO, respectively. The interobserver coefficients of variation were 3% for TAPSE, 4.2% for mPAP, 4.5% for PASP, and 3.8% for ERO.
FOLLOW-UP FOR MAJOR CLINICAL EVENTS.
The subjects were followed for major cardiac-related events (hospitalization and mortality) every 6 months after enrollment via hospital and outpatient medical chart review. 
RESULTS
PATIENT POPULATION. The groups were similar with regard to age, sex, and cardiovascular risk factors ( Table 1) . Group C showed a more severe degree of dyspnea (New York Heart Association functional class). Treatment was similar among groups except for higher use of potassium-sparing diuretic agents in group C.
CPET FUNCTIONAL PHENOTYPES. CPET variables are listed in Table 2 . All patients performed maximal aerobic exercise, reaching a peak exercise respiratory exchange ratio >1.1. Group C patients had worse exercise tolerance compared with those in group B (lower maximal work load, peak oxygen uptake, and peak oxygen pulse). Patients in group C had severely impaired ventilatory efficiency (steeper VE/VCO 2 slope and lower peak end-tidal carbon dioxide) and lower ventilatory power. No differences among the groups were observed in the exercise oscillatory ventilation rate, although a higher trend was observed in group C. Group C patients exhibited lower peak systolic, diastolic, and pulse pressure.
ECHOCARDIOGRAPHIC CHARACTERISTICS. Echocardiographic variables are listed in Table 3 . Patients in group C showed significantly worse remodeling, with increased left atrium and LV mass index. No group differences were observed in LV ejection fraction at rest and at peak exercise. Patients in group C had a higher rate of grade III diastolic dysfunction and increased pulmonary vein S/D and E/e 0 ratios. Those in groups B and C had significantly reduced TAPSE, RV fractional area, and s 0 .
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Significantly higher PVR and mPAP at rest and tricuspid regurgitation, PASP, TAPSE/PASP, mPAP/ CO, and mPAP/TAPSE at rest and peak exercise were observed in group C patients. Figure 2 shows the distribution of TAPSE versus PASP at rest and at peak exercise in the 3 groups.
Patients in group A showed the highest TAPSEversus-PASP relationship, whereas those in groups B and C exhibited a similarly downward-shifted regression line at rest. Group B exhibited some upward shift in the relationship during exercise, implying a different adaptation of the RV chamber to the imposed load. A higher rate of severe MR ERO at rest and during exercise was observed in group C.
Greater MR severity described a progressively lower TAPSE/PASP ratio ( Figure 3) . 
CARDIAC PARAMETERS ASSOCIATED WITH RVECR.
Variables retained in the best regression model as determinants of RVECR are listed in Table 4 . In the multiple regression analysis, the net change of peak PASP from rest and severe MR at rest emerged as the strongest cardiac correlates of RVECR in the overall HFrEF population.
MORTALITY AND HOSPITALIZATION. Hospitalization and cardiac-related mortality at a median follow-up period of 16 months did not reach statistical significance in the 3 groups, although the mortality rate was higher in group C ( Table 5) . RV DYSFUNCTION AND RVECR. For many years, it has been assumed that a failing right heart is a ACE ¼ angiotensin-converting enzyme; ARB ¼ angiotensin II receptor blocker; HF ¼ heart failure; NT-proBNP ¼ N-terminal pro-B-type natriuretic peptide; NYHA ¼ New York Heart Association. As for the left ventricle, the optimal measure of RV contractility is on the basis of pressure-volume Group A had the highest tricuspid annular plane systolic excursion (TAPSE) for similar systolic load. Group B and C patients exhibited a similarly downward-shifted regression line. Group B maintained some ability of upward shift in the relationship, suggesting better right ventricular adaptation to the imposed work. Solid symbols denote rest; empty symbols denote peak exercise. PASP ¼ pulmonary artery systolic pressure. Guazzi et al. Abbreviations as in Table 3 . 
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